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2 Fifteen different metals and three Teflon-based plastics were tensile
tested at m temperature, and at cryogenic temperatures ranging as low as
-h23°F;fl h standard and notched-type specimens were used for the metals,
the latter having stress concentration factors (Kt) from 5 to 18. Test results

are compared with information from other sources when available.

Metals tested were: titanium allcys 5A1-2.5 Sn-ELI, 6A1-UV-ELI; stain-
less steel types 321, 347-c, and AM350; iron base alloys A-286 and 18% Ni
moraging steel; nickel alloys Hastelloy C, Inconel X-T750, and Inconel Tl3-c;
aluminum alloys A356-T6, 2219-T81, <456-0, 6061-T6, TOT9-T6.

Plastics tested were Teflon-TFE, Armalon and Rulon A.
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I.  INTRODUCTION

/ The information presented in this report&'fiéfs compiled from tes*s

performed both at the Aerojet-General Corporation plants in Sacramento,

and at the Von Karman Research Center at A_zu;a. Iﬁ\représen‘-:s the results

of some screenlng tests condurted during a maubria]'.é irradiaticn program
drtermmination of cryogenic preoperties of materials; and includes verification
tests on the properties of some of the materials in the as-fabricated condition.

The fcllowing classes of materiais were involved:

Titanium Alloys -

Stainless Steel and Iron Base Alloys;

Nickel-Base Ailoys ; ‘

Alumirum Alloys-,

Organic Materials, %2 efo. :; /:.
A total of 15 metals and three Teflon-base materials were tested.

, o ’ N ATROJET
UNCLASSIFIED au-..u@ SENIRAL



S . ~ SECTION II |

TN A
- . L SRR




UNCLASEIFIED

pt
Vomd

P———

ﬂ;ﬁ}’; AMi MATERIALS TEST PROGRAM | A, rioontun 4tiv

Date:

II. MATERIALS
A. TITANTUM AL.LOYS

Two types of titanium zlloys were teoted: A-1L -AT-HMLI (FA.-.. O:)

and C120-AV-ELI (S6A1-LV).

1. A-11G-AT-ELI (5A1-2.5 Sn)

.

Several concditions of this meterizl were teociod.

3. Hot rolled z=nd annealcd plaves (.o in.)
b. Forged pilate (Z.7 in.)

c. Extruded cylinders

d. Forged and rolled rings

e. Die-forged closures.

Mzterial for items ¢, d, and e vere taken from parts uced in

the fabrication of the titanium prcssure vessei S N CilTPV.

2. C 120 AV ELI (6A1-L4V)

Specimens for this alloy were tarxen from forgcd plute of

0.555 inch thickness.

REQQN
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B. STAINLESS STEEL AND IRON BASE ALLOYS
Five alloys were tested in this series:

321 stainless steel

34T~-c stainless steel casting
AM-350 (SCT-850)

A-286 Iron Base Alloy

18% Wi (250) maraging steel

1. 321 Stainiess Steel

This alloy was procur=d as 0.25 inch thick plate in.the
fully annealed condition.

2. 347-c Stainless Steel - Sand Casting

This alloy was sand cast in test tars (having dimensions
of approximately 0.25 x 2.0 x 16.G in.) and in conformance to AMS 5363-B,
Class I. All specimens were completeiy X-rayed prior to muchining. The

castings were annealed at_l9SO°F for 30 minutes.

3. AM-350 (SCT) Stainless Steel

This alloy was procured in the hot-rollegd, annealed and
pickled condition in accordance with AMS 5548 condition H. After rough
machining, the specimens were heat tredted to the SCT-850 temper and then

finel machined. The heat treatment was as follows:

Solution treatment:
1710°F 3250, 30 minutes, water guenched.

Refrigerated:
~100°F +10°, 3 hours.

Aged:
850°F, three hours, air cooled.
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k. A-286 Iron Base Alloy

This alloy was procured in the hot-rolled, annealeu and

pickled condition to specification AMS 5525. It was heat treated as follows:

Solution treated:
1800°F, 1 1/2 hours, air cooled.
Aged:

1350°F, 16 hours, air cooled.

5. 18% Nickel (250) Maraging Steel .

Two forms of this alloy were tested: 0.090 inch thick
sheet and 3/8 inch dia. high-strength bolts. Materials were supplied both

in standard and in peened conditions.

Two melting conditions were represented in sheet material.
a. air melted

b. air melted, vacuum rcmelted.

The sheet specimens wer: u.ed at 9OOOF for 3 hours after

fabrication. The bolts were received in the hardened condition.

* oy @
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c. NICKEL~BASE ALLOYS
The alloys tested in this series were Hastelloy C, Inconel X-750,

and Inconel T1l3-c.

L Hastellox C

This material was procured as 0.25 in. plate in the solution

heat treated condition conforming to AMS 5530C.

2. Inconel X-750

This material was procured as 0.25 in. sheets cold-rolled,
annealed and pickled. The material was precipitation hardened by heating at

1300°F +25° for 20 hours and air cooled.

3. Inconel Tl3-c

This material was procured as vacuum investment cast in
blanks approximately 0.25 x 2.0 x 10 inches. All test bars were X-rayed for
soundness of material prior to machining. Specimens were cast, four per

mold; pouring temperature was 25500F.

- | RE
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D. ALUMINUM ALLOYS

Five aluminum alloys were included in the series. These were
A356-T6, 2219-T81, 5456-0, 6061<T6, and TOT9-T6. The material was prepared

in the following manner:
Lo A356-T6

This material was cast in test bars having dimensions of
approximately 0.2% x 2.0 x 15.0 in., and was x-rayed for soundness prior to

further work. The material was heat treated to the T-6 condition as follows:

a. Solution Treatment: lOOOOF, 10 hours, water-quenched
b. Aged: 15 hours at room temperature
c. Precipitation Hardened: BlOOF, 4 hours

2. 2219-T81

This alloy was procured in the form of heat treated,
0.25~in.=thick plate material.
54 5’4‘56"'0
This alloy was procured in plates of 0.25 inches thickness;

in the H321 temper. The annealed "O" condition of the specimens was obtained

by heating them at 650°F for 30 minutes and air cooling to room temperature.
)‘{'n 6%1-,116

Two forms of this alloy were tested. One consisting of
0.25 inch  plate, the other of a rolled ring forging from the aluminum
pressure vessel (heat number 4034 P/N 281498-1-A0). Heat treatment after

forging consisted of':

a. Solution Treatment: 977”, one hour, water quenched.

D Precipitation Hardened: 5500, T.5 hours, air cooled.

RE(WN
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5. 1079-16

This alloy was tested in three different forms: sheet, plate,
and round bars. All specimens were supplied by ACFI, Albuquerque Division, and
included both welded and non-welded specimens. The weldmenis were made by ACFI
utilizing C-809 weld wire. Tensile specimens conforming to those detailed in
Section III-B, were made for the sheet and plate material, and R-1 type specimens
were made for the round bars. For the notched welded specimens, the notches

were provided in the center of the weld joint.

In addition to the base metals, tests were conducted on:
as welded, welded and fully heat treated, and aged-after-welding specimens.
The specimens fully heat treated after welding represented good quality
weldments. Specimens in the as-welded and welded-aged conditions were below
minimum weld quality, but were tested to give some idea of strength value

associated with rejectable quality material.

AEROJET
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E. TEFLON-BASE MATERTALS
1. Teflon, TFE

The processing details of this material constitute proprietary
information of the manufacturer. However, in general, processing follows this
procedure: a predetermined quantity (hased on end-product dimensions) Jf Du Pont
No. 5 powder, 300 micron size (which is typical- for general purposcs), is spread
on smooth platens and compressed under 2000 to 5000 psi for 5 to 10 sec at room
temperature. After sintering at TOOOF (i.e., above the 621°F transition to
amorphous gell), it is cooled to room temperature. When necessary, material is
stress relieved at about 500CF. '

2. Armalon (A Laminate of Glass Cloth Impregnated with
Teflon, TFE; a Patented Product of E. I. duPont)

This material was manufactured from a No. 112 glass fabric,
which was repeatedly dipped in Teflon T-30 suspensoid (an aqueous dispersion
cortaining 59 to 61% solids) until the desired thickness was attained. The
Teflon impregnated glass cloth was fused at T50°F and a pressure of 100 psi.
The laminate was transferred to a cold press, and a pressure of 100 psi applied
until cool. The 0.125-in. sheet used in this test program was built up from a
series of 0.005-in. laminates which had at least two pressure-temperu.ture oper-
ations similar to the above. As in the case of Teflon, this information is of
a general nature, the specific processing details being proprietary.

3. Rulon A (Fiberglass-Filled Teflon, TFE; a Patented Product
of the Dixon Corporation)

This materiel. is a filled Teflon of proprietary —omposition,
and was developed for bLearing-type applications. The manufacturer's informa-
tion indicates a considerable improvement over Teflon in resistance to wear,
creep, and cold-flow. It is also sald to have one-half the thermal expansion
of Teflon.
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ITI. EXPERIMENTAL EQUIPMENT AND SPECIMZN TYPES

A. EQUIPMENT

All tensile tests were perfoimed on ©0,000=-1L cupacity Dulwin-Svp
nydraulic~-operated tensile machines.
O - 2.0 v . .
For thz tests at -100" znd -320F a zpeeinl liguid contulilics was

fabricated. The container consisted of two stainless stcel bezmiors o1

4

different sizes, which were nested and welded togecher at the Lop, Iowmin,

a double-walied vessel, open at one end. A hole was bvored In the woliom of
this chamber and the lower specimen-gripping fixture was inscrica and welded
in place. The chamber between the inner and outer walls was Lthen cvmousatod
and sealed off to provide thermal insulation. VWith a stanuzara R1 (..o =in.

1

dia) specimen in position, the fluid level i the containcr could bLe <acily

[

maintained thiee inches above the top of the specimen. The contzincr el
approximately one galion of cryogenic 1luid, which was zwGded manually s
required. The -100°F temperature was achieved by using %ry ice zna =zlceono:;
the -32OOF by using liquid nitrogen. Strain measurenmentis worc lu:en Ly ufuns
of a standard high-temperature-type extensometer (equipped with crtcension
rods ) mounted on the tensile specimen. The extension rods ~itinncd uUDWar.
to a position above the cryogenic fluid, wnere they attached To o wiilceronii
tLransformer, from which strain signals were fransmitted te

chatrt on the tensile macnine.

Tests at —hEBOF were conducted in tne cryogenic toest coll, ut
the Von Karman Center (AGC), and utilized u 20,000 1b capacity cryosict.
Figure 1 shows the cryostat in position for a tensile test, conneciou 1o u
125-liter dewar containing liquid hydrogen. Liquid hydrogen entexs the
crycstat through the flexible vacuum-Jjacketed tube connected to Lhe lia,
Casecus hydrogen exhausts through the other tube shown. The clcetirical
lead in Figure 1 is the extensometer comnection. Figure 2 gives = cldc

view of the cryostat, showing additional details of the cxhuust systom.
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Figure 1

Liquid Hydrogen Cryostat
and Supply Dewar
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Closeup of Liquid Hydrogen

Cryostat
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The additional electrical lead is attached to the liquid-level indi~ators,
which consist of carbon resistors mounted in a rake. Strain measurements

were taken by means of a standard room temperaturs Baldwin averaging
extensometer (Model PS3M) as modified for crycgenic use. The modification
consisted of replacing the rubber-jacketed lead-in wires with Teflon-coated
wires, and replacing all the carbon-steel parts with ones made of 300-series
stainless steel. During one of the test series strain-type measurements

were taken by crosshead movement using a deflectometer, since the extensometer
was undergoing factory repairs. The deflectometer output was fed into the
long-strain recorder through the normal extensometer connection. These strain
indications were not accurate due to overail system deformaticns; and curves

derived from them are labeled "estimated strain."”
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B. SPECIMENS

The majority of materials were tested using modified NASA type
flat specimens as shown in Figures 3 and 4, or using the R-7 type round
specimens, as specified in Method 211.1 of Federal Test Method Standard
No. 15la. Figure 3 shows the unnotched metal specimen. Figure 4 shows
the notched metal specimen, having a stress-concentration factor, Kt’ of
6.3. R-3 type specimerns shown in Figure 5 (test section of 0.25 in. dia
x 1 in. long) were used extensively because the loads required to break a
specimen at -h25°F would in many cases have exceeded the capacity of

- the liquid-hydrogen cryostat. This size also enabled the fabrication
of a greater number of specimens from limited quantities of material.
Non-standard specimens were uecess&ry in the cases of some of the TOT9
alumimum alloy specimens and 18% Nickel steel bolts, because of the
materials available. For example, some of the TOT9 specimens consisted

entirely of welid-deposited metal.

Figure 6 shows the REON type of specimen used for testing
the plastic-materials. Figure 7 shows the notched and unnotched Type
R-1 specimens.

®
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—1.000+ .00 e—
GAGE
LENGTH
.37 DIA —252 + .005
EACH END DIA

r ] - -

25 RADE |
1.25 —

————— 3,00 ————bm

UNNCTCHED

0.002
3.203 RADlI
1.200%.005
GAGE

LENGTH
45° .252 £ .005 DIA,

.37 DIA . .200+ 0.01
EACH END I |

25 RAD
.87 -A

- 3,00 —————

NOTCHED

Figure 5

Round Specimen Type R3
Unnotched and Notched
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Figure 6
Non Metallic Specimen
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Figure T

Round Specimen Type R-1,
Unnotched and Notched
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IV. TEST PROCEDURES

Al tensile tests were conducted in accordance with Method 211.1 of
Federal Test Method Standard No. 151a, which is essentially identical with
ASTM Specification E8-61T. Load as a function of deformation was auto-
graphically recorded. Strain-rate used for these tests was 0.005 inch-per-
inch-per-minute. In the majority of tests an extensometer was used for
strain measurements. However, in one series of tests at -hEBOF, during
which the extensometer was inoperative, the speed ~f testing was coantrolled
acccrding to rates of stressing. The stress rates were selected, on the
basis of best available information, as those which would be approximately
equivalent to the strain rate of 0.005 inch-per-incn-per-minute. Tae

stressing rates for the several materials were as follows:

Stressing Rate to Stressing Rate, Proportional
Proportional Limit, Limit to Failure,
Material psi/minute psi/minute
Titanium Alloys 82,000 2,000
Stainless Steels and
Iron-Base Alloys 145,000 2,000
. Nickel-base Alloys 155,000 2,400
Aluminum Alloys 53,000 TOO

During the latter series of tests approximate strain measurements were
teken by means of a deflectometer, which plotted crosshead movement. Stress-
strain diagrams were then developed based on actual load values, elongation
in 2" (measured after failure), and load-deflection curves traced by the

tensile-machine recorder. The procedure used was as follows:

A. Actusl load values were used to determine the stress levels.

B, The elongation in two inches after fracture was assumed to be
the tntal plastic defcrmation under the load.

UNeL A REQN
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The elongation in 2" was then assumed to be equal to the
distence along the abscissa between the origin and the
intersection of a line, drawn through the point of fracture
and parallel to the recorder trace below the proportional
limit. This became the basis for constructing the suress-
strain curves. Curves Crawn in this manner had their

abac “ssae labelled "estimated strain."
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V. TEST RESULTS ARD DISCUSSION

The results of all tests are presented in tabular and graphic form on the
following pages. For each material, tuc first pages present cremical analyses
and average tensile properties. Following this information there are. complete

test dz%a for each specimen.
A. TITANIUM ALLOYS

Sample analysis of chemical composition of all heats of titanium
materials reported, compared with the specification requirements, is shown in
Table 1. Average tensile properties for each heat and test temperatures are
shown in Table 2.
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Table 1

Chemical Analysis of Titanium Alloys

Aoy Beat o o
Desymation —Tiwt AL = P C WV oothes B % %
Spocificatica Min bh70 2.0 . - - - - - - -
A-110-A-prg | FAmit Max 560 3.0 0.15 0.8 - - - 0.0125 0.12 0.05
{5A1-2,5 mn) Sample p3e2
Amlysis Flate $5.19 2.30 0.13 0.022 0,006 - 0.0055 0.0312 0.03%5
Sample D-3272
Analysis Forging 5.05 2.0 0.08 o0.012 - - 0.0088 0.068 0.02%
Susple D-3273
Aoalysis Extruded
Cylinders 5.12 2.57 0.0k 0.0 0.01 0.0058 0.065 0.010
o~ Sasple D-3346 :
Analysis Forged
Extruded 5.02 2.9 0.07 0.06 - 0.0062 0.066 0.009
Sasple V-2096
Amlysis Yorged
Plate 5.30 2.50 0.10 0.025 - 0.009 0.080 0.027
Specification  Min 5.50 - - - - 3,50 . - -
Limgt ax 650 - 0.10 0.8 - k.50 0.05 0.13 0.05
€~120 AV, 506
LAY Sawple D-3067
(GAr-bv) Analysis Forged
Plates 6.10 0.07 0.05 §.00 0.9033 0.09 0.Q17

o
3+ ~
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Table 2
- Average Teasile Properties of
Titanium Alloys 5A1-2.5 Sn ELI
and GAR-AV-ELI
Ultirate Yield
Texp. Specimen Strength  KRotch Ultimate Strength Elongation  Reduction Hetched to Unnotched Hotios Number
Material ‘e Direction psi Strength, psi (0.2¢)psi in 1 in. % in Area, $ N-Ult/Un-Ult RN-Ult/Un-Y.S. of Tests

A110-AT, ELI
(5A1-2.5 Sa)
1/4" Plate, W RT (¢) 122,500  142,800(K.= 18.0) 114, 400 15.5;: 40.0 1.17 1.25 14, LN

-423 219,100  171,000(K,= 18.0) 205.000%  17.1 17.8 el .84 2U, LN
1/2" Plate, RT {t) 124,300  169,400(K,= 7) 115,600 17.0%* 38.2 1.36 1.57 3@
forgea -320 192,900  231,200(K.= 7) 182,590 14.0%* aL.7 1.20 1.27 3@
(Heat V-2096) 423 214,300 226,000(K,= 5.8} 203, 500 9.8 16.0 1.06 1.11 3@
1/2" Plate, RT ) 126,500  181,200(K.= 7) 121,000 19.5** 47,3 1.43 1.50 3@
forged -320 198,807  28,000(K.= 7) 192, 000 14.5** 33.2 1.25 1.29 3@
(Heat Vv-2095) -423 221,300 235,000(Ky= 5.7) 218,000 1.5 2k.0 1.06 1.08 3u, 21
Forged Adapter RT (c) 122,900 167,900(K.= 7-9) 113, 000 k.0 33.6 1.37 1.43 L@
Ring Fo. 220 =100 143,100  188,800(K,= 8-9) 130, 700 11.0 28.1 1.32 1,44 L@
{Heat D-3272) -320 182,700 234,200(K, = 8-9) 163, 500 1%.0 2k.3 1.28 1.543 5@

423 197,400  23k,400(K,= 7-10) 170,800 10.0 21.8 1.19 1.31 5
Forged Closure RT (c) 118,300 157,600(K,= 9} 197,800 15.0 39.3 1.33 1.6 L@
Ho. 217 (Tieat D3346) | -100 140,600  183,300(K,= 9) 130, 700 1k.0 345 1.30 1.k0 L@

-320 162,700 233, T00(K,= 8) 153, 500 19.5 34.2 1.28 1.52 Ly, 5N
- 423 214,000  235,400(K,= 7-10) 184,400 19.5 2.6 1.10 1.28
Extruied RT (c) 117,300 159,900 (K,= 6-7) 108,100 16.4 47.5 1.36 1.8 5@
Cylinder No. 465 -100 135,600 187,100(K.= 6-7) 125,000 14.0 35.1 1.37 1.50 @
(Beat D3346) -320 181,800 233,600(K.= €-8) 166,70 11.6 35.6 1.28 i.80 5@

423 207,200 236,200(K.= 6-8) 190,800 13.5 19.2 1.134 1.2 5@
Extruded RT (c) 124,100  235,400(K,= 7-10) 114,200 15.0 3.7 1.90 2.06 5@
Cylinger Fo. 218 -100 142,200  195,300(K,= 7-8) 131,500 13.0 37.5 1.37 1.49 5@
(Heat D 3273) -320 185,000  240,200(K,= 8) 172,800 21.0 35.6 1.30 1.k0 5@

-423 205,800  238,900(K,= 7-10) 192,200 13.6 29.0 1.16 1.24 5@
Extruded RT (c) 122,200 16-,800(K.= 7-9) 111, 400 14.0 40.3 1.35 1.48 5@
Cylinder No. 219 -100 1L1,%00  188,100(K,= 6-10) 130,200 12.0 35.8 1.33 i.bs SU, 4N
(Heat D3273) -320 183,400  238,600(k;= 7-9) 173,700 17.0 35.5 1.30 1.38 5@

-k23 208,200 237,800(K.= 7-10) 190,800 13.3 21.8 1.1k 1.25 5@
Extruded RT (1) 119,900  165,100(Ky= 8-9) 107, 500 15.0 k3.6 1.38 1.54 5@
Cylinder Fo. 219 -100 139,300 186, 700(K, = 8-9; 123,800 12.0 34.8 1.3k 1.71 5
(Heat D3273) -320 187,500 239, 500(Ky= 7-9 167,000 1;.0 36.5 1.28 1.43 5@

-423 211,200 253,300(K,= 8-10) 193,600 15.6 22.6 1.20 1.28 5@
6AL-4V, ELI
1/2" Piate, RT (1) 14,600  198,300(K.= 6-7) 133,000 1%.0 39.8 1.4 1.49 3@
forged -100 167,200  226,100{K,= 5-6) 163,100 13.0 30.8 1.35 1.39 3@
(deat D306T7) -320 227,000 276,100(K.= 4-6) 21h, 400 10.7 31,3 1.22 1.29 3@

-k423 239,000  264,000(K;= 6) 2289, 000 1.0 24,2 1.10 1.16 3@
1/2" Plate RT (t) 138,800 188,900(K.= 7-8) 132,700 14,7 43,7 1.36 1.42 3@
forged -100 162,600 214,800(K¢= 7) 156, 900 13.3 35.2 1.32 1.37 3@
(Heat D3067) -320 . 216,900 259, 000(K,= 6-8) 207,100 11.0 30.2 1.19 1.25 @

=423 239,000  224,000(K,= 6-8) 231, 000 6.0 22,3 .94 .97 3@

*msed on strain estimated from crosshead travel of tensile machine.
“Elmaauon in 2"-(t) transverse, (1) longitudinal, (c¢) circumferemtial.
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1. Alloy A110-AT-ELI (5A1-2.5&, Extra Low Interstitial)

In general, the tensile nroperties were much the same, regard-
less of manufacturing process. There were a few exceptions in which some speci-
mens increased their strength more rapidly than others as the temperature decreased.
This effect, and some of the other variations in properties, can undoubtedly be
attributed to the processing method. Flat tensile specimens as shown in Figures
3 and 4 were tested for the hot rolled and forged plates. R-3 type specimens
(Figure 5) were tested for the rest of the materials including forged plates
tested at -h25°F. Rolling direction of flat specimens was in transverse direction
to the specimen axis. Specimens for the forged plates were tested both longitu-
dinally and transversely to the rolling direction. All R-3 type specimens
were taken in the circumferential direction with exception of one neat (D7219)
from the extruded cylinder where both circumferential and longitudinal specimens

were tested.

Several interesting comparisons wers e possible by the
variety of metal working processes used in manufactw” .g the materials from which
specimens were taken. These dats are shown in Tables 2 and 3.ar” "igures 8 through
35. A significant characteristic of all specimens was ductility at cryogenic
temperatures. This accompanied a notch toughness indicated by a notched-unnotched
ratio greater than 1.0 for the ultimate strength in the presence c¢f notches having

8 stress-conceatration factor, K%, of 6 to 10. The sharp notch ratio (K% = 18.0)

- for transverse specimens of hot rolled plate at -425°F was 0.78. This value

closely approximates that of 0.81 reported for transverse specimens of 6061-T6
aluminum alloy by Hanson ﬁNASA), Reference 4. It is of interest to note that

the nctch-unnotched ultimate strength for longitudinal specimens of hot-rolled
plate, taken from the same heat, was 0.88 (Reference 10), which exceeds the value
in Reference U4 shown for longitudinal specimens of 6061-T6 (i.e., 0.75).
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Table 3 Sheet 1 of 1
Tensile Properties of Titanium Alloys A-llO-A'.g—ELI for Plates, e
Forgings and Extrusions at Room Temperatures -100°F, -320°F and -423%°F

Vield
Ultimate  Strength
Heat Temp Specimen Strength  (0.2%), FElongation  Reduction
Material No. °p  _ _Type _ psi psi in 1", % in Area, %
Plate D-3272 RT Unnotched 122,500  11k,koo 15.5%* 40.0
(0.125" spec. (transverse)
from 0.25 -423  Unnotched 218,300  208,000% 2.3** 11.0
stock ) (transverse) 219,800 202,000% 3.0%% 8.5
Forging No. D-3272 RT Unnctched 121,200 110,300 15.0 5.0
220 (R-3 type 121,800 111,600 15.0 32.2
specimeas 123,000 113,200 14,0 73.9
taken . 125,500 116,800 13.0 72.9
eircumfer-
- entially) Notched 166700
(K= 7-9) 167,300
165,200
169, k0o
-100  Unnotched 140,900 127,500 10.0 26.7
1k2, 000 130,000 11.0 29.0
143,800 131,300 12.0 28.1
145,500 134,000 10.0 28.4
Notched 186, 800
(ky= 8-9) 187, k00
189, 300
191, 700
-320  Unnotched 181, 500 163,800 10.0 27.8
181,500 160,500 14.0 2L, 4
182,800 163,306 15.0 2kl
Notched 229, koo
(K= 8-9) 229, 100
236, 200
257, 200
238, 800
-423  Unnotched 191, 000 178,000 12.0 22.0
195, 000 177,000 12.0 20.9
195, 000 177,000 11.0 23,0
200,000 177,000 9.0 23.0
206,00 185, 0C0 6.0 21.0
Notched 226 2
(Rg= 7-10) 233 0
233 8
256 2
242 8

*

Based on strain estimated from crosshead travel tensile machine.
**

Elongation in 2",
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Sheet 2 cf T
Table 3 (cont.)
Yield
Ultimete  Strength
Heat Tenp Specimen Strengtk.  (0.2%), Elongation Reduction
Material No. oF Type psi psi in 1", %  in Ares, %
Forging No. D-334 RT Unnotched 116,900 106,900 16.0 ho.3
217 (R-3 type 118,000 107,100 15.0 bk
specimens 118,900 108,300 15.0 37.0
teken 119,300 109,000 15.0 37.7
circumfer-~ Notched 153,700 ’
entially) (K= 9) 155,900
159, koo
161,500
-100 Unnotched 138,800 - 11..0 35.5
138,800 - 13.0 34.3
-~ 1, 300 131,300 15.0 36.0
143, W00 130,000 15.0 32.2
Notched 176, 0
(K= 9) 182, 500
185,900
187,900
-320  Unnotched 178,900 158,600 20.0 3h.b
180,900 148, 00 16.0 -
185, 700 - k.0 31.2
185,800 - 16.0 37.2
Notched 228,100
(K= 8) : 233,000
23k, 500
236, 200
236, 600
~-423  Unnotched 207,000 190,000 - 2k.0
211,000 187,000 18.0 24,0
214,000 182,000 1€.0
218, 000 183,000 - 16 0
220, 000 180, 000 21.0 27.9
Notched 221,000
(Kf T7-10) 236,100
239,000
239,800
240, 900
Forged Plate | V-2096 -423 Unnotched 218, 000 214, 000 9.0 19.0
(R-3 type (1emg) 223, (00 217,000 6.0 20.0
specimens from 223, 000 223, 000 - 33.0
0.5" plate) Notched 228, 000
(Long) 242, 00
Kt= 5-7
-423 - Unnotched 212 0 205,000 8.0 17.0
(trans) 215 0 - 12,0 17.0
216 0 202,000 9.0 1.0
Notched 215 0
(trans) 230 0
K= 5-7 234 0
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Table 3 (cont.)
Yield
Ultimate Strength
Heat Temp Speciman Strength  (0.2%), Elongatic..  Reduction
Material No. °F Type psi psi in 1", % in Area, %
Extruded D-3273 RT Unnotched 117,700 107,600 15.0 k2.9
Cylinder No. 124,200 11%,200 15.0 e
218 124 Loo 114,600 15.0 4l o
(R-3 type 125,000 116,600 1k.0 Wi, %
specimens 128,409 117,900 13.0 k2.3
taken RT Notched 160,600
circumfer- (Kt= 7-9) 164,300
entially 165,600
173,000
174,800
-100  Unnotched 139,600 127,200 12.0 38.8
142,600 133,700 1%5.0 39.6
143,400 131,100 12.0 36.6
143,600 - ik.o 28,1
145,900 13%,600 1%.0 34k
Notched 192,400
(k= 7-8) 193,700
196,300
196,800
196,200
-320  Unnotched 181,600 167,900 20.0 38.0
182,100 167,200 21.0 364
184 800 174,900 20.0 38.9
185,700 172,200 21.0 33.0
188,500 177,000 22.0 31.9
Notched 236,000
(k.= 8) 238,200
. 240,500
: 241,500
24l Leo
-423  Unnotched 196,000 192,000 12.0 33.0
201,000 183,000 16.0 28.0
206,000 194,000 16.0 30.0
206,000 196,000 9.0 28.0
210,000 196,000 15.0 26.0
Notched 235,000
(Kt= 7-10) 236,100
257,500
240,000
246,200
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Notched 221 800
(K= 7-10) 235,700
241 800
243,900
245,900
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Page 33c
Sheet 4 of 7
Table 3 (cont.)
Yield
Ultimate  Strength
Heat Temp Specimen Strength  (0.2%), Elongation PReduction
Material No. oF Type . psi psi in 1", %  in Area, % :
Extruded D-327%5 RT Unnotched 119,800 110,100 13.0 Ll 4 ¥
Cylinder Nc. 121,700 110,700 13.0 40.0 4
216 122,100 111,700 16.0 39.4 i
(R-3 type 123,600 112,500 1k.0 35.1 ¢
specimens 124,000 112,200 15.0 35.1 3
taken RT Notched 158,800 :
circumfer- (Kt= 7-9) 159,000 ‘
entially 164,200
168,800
e 173,600
-100 Unnotched 139,600 128,800 12.0 38.8
141,100 130,500 13.0 37.7
141,200 127,200 13.0 344
141,900 130,300 13.0 34,5
143,000 134,400 11.0 33.k4
Notched 183,500
(Kt= 6-10) 186,100
187,400
195,500
-320  Unnotched 180,500 - .0 36.4
183,200 - 2.0 35.1 .
184,100 174,700 17.0 36.6 E
184 koo - 15.0 38.3 :
184 800 172,600 15.0 31.8
Notched 234 600
(Kt= 7-9) 235,000
237,000
239,700
246,900
-423  Unnotched 196 ,000 189,000 13.0 32.0
209,000 189,000 - 15.0
210,000 192,000 11.0 . 30.0
212,000 195,000 16.0 21.0
214,000 191,000 - 11.0
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Table 3 (cont.)
Yield
Ultimate Strength
Heat Temp Specimen Strength  {0.2%), Elongation Reduction
Material No. op Type psi __psi in 1", % in Area, %
Extruded D-3273 RT Unnotched 118,500 104,500 15.0 43.8
Cylinder No. 120,100 108,800 16.0 ih,8
219 120,20C 107,900 14%.0 42.8
(R-3 type 120,200 108,200 16.0 43,1
specimens 120,400 168,100 1h.v Lh. 4
taken Notched 162,300 ’
longitudinally (K, = 8-9) 164,800
165,100
166,000
166,700
-100 Unnotched 137,400 124,200 11.0 32,7
138,400 123,300 13.0 37.6
138,700 120,600 15.0 38.3
140,200 127,300 11.0 27.5
141,700 123,600 10.0 38.0
Notched 184,100
(K, = 8-9) 185,200
185,600
186,200
191,900
-320 Unnotched 186,700 164,600 16.0 37.2
186,800 163,900 16.0 30.7
187,000 167,700 14,0 37.8
188,000 171,900 16.0 38.3
188,100 - 15.0 38.4
Nctched 236,800
(k= 7-9) 238,200
238,600
241,200
242,800
-423  Unnotched 204,000 198,000 4.0 24,0
210,000 199,000 140 30.0
214,000 198,000 15.0 20.0
214,000 198,000 16.0 17.0
214,000 200,000 19.0 22,0
Notched 245,900
(Kiz 8-10) 252,100
253,000
256,000
259,900
RE N ' ‘Allwlr\
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Table 3 (cont.)

Yield
Ultimate Strength
Heat Terp Specimen Strength  (0.2%), Elongation Reduction

Material No. F Type psi _psi in1", % in Area, %

Extruded D-3346 RT 114,80C 105,000 17.0 47.1
Cylinder No. 115,200 105,000 18.0 k7.5
b65 117,600 107,500 15.0 4. 0
(R-3 type 119,200 111,100 1.0 48.1

. tpecimens 119,800 111,700 16.0 50.7 {

" taken - Fotched 150,600 :

circumfer- (Kt= 6-7) 154,700

entially) 156,100 .

. 161,500 3

- 166,600 .

~100 Unnotched 135,100 122,500 15.0

155,100 124,200 16.0
135,700 124,200  15.0
137,400 121,200 11.0
139,600 133,000 13.0
Notched 184,600
(k.= 6-7) 184,600

APERIA
AN H\O\0

-32C Unnotched 181,000 167,700
S 181,50C 164,300
181,600 1:8,400
182,100 170,000
183,000 173,400
Notched 230,300
(Kt= 6-8) 232,700

NCAS ] !\)\ﬂg\

g e e
VW FEFO
©coo00O0
Y30y

.
NDAROWVION

<423  Unnotched 205,000 186,000 14,0 24,0
205,000 19%,000  13.0 13.0
208,000 191,00U - 17.0
208,000 194,000  14.0 17.0
210,000 189,000 13.0 25.0
Rotched. 223,000 L
(k= 6-8) 233,000

)
g
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Table 3 (cont.)

Yield
Ultimate Strength
Heat Tgmp Specimen Strength  (0.2%), Elongation Reduction
Material No. 13 Type psi psi in 2", % in Area, %
1/2" Forged V-2065 RT  Unnotched (1) 127,600 123,300 19.0 48.3
Flate standard 127,400 222,300 21.0 46.4
124,500 117,500 18.0 k7.1
Notched (1) 189,200
standard 186,800
(K= 7) 167,600
-320 Unnotched (1) 200,000 191,800 16.0 32.4
standard 198, 400 193,590 13.5 29.6
198, koo 190,800 14.0 37.5
Notched (1) 256,800
standard 215, 50C
(xt= 1) 2k1, 700
-423  Unnotched (1) 223,000 17,000 6.0 20.0
R-3 223,000 223,000 - . 33.0
218, 000 214,000 9.0 19.0
Fotched (1) 242,000
R-3 228, 000
(k.= 5-7)
1/2" Forged V-2096 RT  Unnotched {t) 126,700 117, 900 18.0 39.6
Piate standard 123,200 114, 500 17.0 34,5
122, 900 11%, k00 16.0 40.6
Notched (t) 173,500
standard 170,000
(K= 17) 164,800
=320 Unnotched (t) 193,100 182,800 11.0 7.6
standard 192, 900 181, 400 16.0 35.1,4
192,800 183,200 1.0 21.5
Notched (t) 241,000
standard 257,200
(K= 7) 215,300
-423  Unnotched 216,000 202,000 9.0¢ 14.0
B-3 215, 000 - 12.0 17.0
212,000 205,0C0 8.0* 17.0
Notched (t) 234,000
R-3 230,000
(K= 5-T) 215,000

N * Based on strain estimated from crosshead travel of tensile machine.

*e
Broke at punch mark delineating gage length.
. (1) longitudinal,
(t) transverse.
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Titanium Alloy A-110-AT-ELI Forging (Heat 3346 Ring No. 217)
Circumferential Direction, Stress-Strain Diagram at -423°F
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Titanium Alloy A-110-AT-ELI Extrusion (Heat 3273 Ring 319)
Lorngitudinal Direction, Stress-3train Diagram at 423 F
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Figure 22

Titanium Alloy A-110-AT-ELI Extrusion (Heat 3346, Ring No. 465)
Circumferential Direction, Tensile Ultimate, Yield and
Notched Strength as a Function of Temperature

o REON (G



UNCLASSIFIED V. Test Résults and

Discussion

[JhERVA ~ MATERIALS TEST PROGRAM A. Titanium Alloys

PROGRAM

Date: 1 Jan. 1964

Page 49

1’<) ..:.:':: T i K !..E: .:: ;
60 A D
501 L '

£H
<
T

20"«

REDUCTION IN AREA, %

10

=500 =300 =100 O 100 300 500
TEMPERATURE,°F

60

50

40

30

ELONGATION %

20 ; sty

NI -<msagnyEssgRARE - - i 1 ashyyye.
10} = i
i i
ingss
| it

ol f A
=500 -300 -|00 O 100 300 500
TEMPERATURE,°F

Figure 23

Titanium Alloy A-110-AT-ELI Extrusion (Heat 3346 Ring No. 465)
Circumferentisl Direction, Elongation and Area Reduction as a Function
of Temperature
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Figure 25

Titanium Alloy A-110-AT-ELI Forged Plate (Heat V-2096)
Longitudinal Direction, Elongation and Area Reduction
as a Function of Temperature
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Titaniam Alloy A-110-AT-ELI Forged Plate (Heat V-2096)
Trensverse Direction, Tensile Ultimate, Yield, Notched
Strength as a Function of Temperature
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Titanium Alloy A-110-AT-ELI Forged Plate (Heat V-2096)
Transverse Direction, Elongation and Area Reduction
as a Function of Temperature
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a. Plate Materials

A comparison of hot-rolled plate with forged plate at
-h25°F shows that strength ard ductility of transverse type specimens are
approximately equal (ultimate strength 219,100 psi to 214,300, yield strength
205,000 to 203,5C0 psi; 17.8% to 16% area reduction). The equivelence ot ductility
is based on a comparison of area reductions ratlher than the elongations since the
former is always considered the better parameter for measuring this property. This
comparison is not the idccl one since the specimen sizes and configurations were

not the same, one type being standard flat, and the other a subsize round.

Comparison of hot-rolled plate (tra.nsverse specimens)
with extruded cylinders (circumferential specimens ), all manufactured from the
same heat, (D3273) shows that room temperature tensile (122,500 and 124,100 psi)
yield, (11k,400 and 114,200 psi) elongation, 15.5% and 15% and area reduction
(40% and 43.7%) are practically identical in spite of the differences in specimen
size and configuration. The longitudinal specimens from extruded stock indicate
a slightly lower room temperature yield strength (107,500 psi) than the rolled
plate. However, at -h25°F both ultimate and yield strengths of the hot-rolled
plate are noticeably higher (by about 8-10,000 psi) than those for extruded
material, (both longitudinal and circumferential) except in the case of the

“yield strength of longitudinal specimens where the values of extruded and hot-
rclled materials are almost equal. Ductility parameters at —42301?, when evaluated
together, indicate that plate and extrusions are practically equal.

b. Forgings

Comparison of circumferentiul-type specimens from & ring
forging and a closuyre forging showed general similarity, with a few interesting
differences. The ring forging exhibited less ductility at all temperatures. At‘
room temperature its tensile, yield and notch-ultimate strengths were higher than
those of the closure forging. At -lOOoF, the ring forging had slightly higher
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tensile and notch ultimate strengths, but yield strengths vwere egual. At -jQOOF
the tensile and notch ultimate strengths were equal, but the yield strength of the
ring forging wac higher. At -h250F the ring forging had lower tensile strength,
and yield strength, but the notch-ultimate strengths were equal. The interesting
feature is the crossover range, at -3200F and below, where the tensile and yield
strengths of the closure forging increased to higher values than those of the

ring forging.

Test results obtained from the closure forging, (heat
D3346) compare very closely with the results obtained on the extruded cylinder
No. 465 made from the same heat, the only differences being slightly higher yield
strengths for the extrusion at -3200 and —M2BOF and higher tensile strength at
—h230F for the forging.

c. Extruded Cylinders

The tensile propercies from ail three extruded cylinders

in the circumfereantial direction were very similar.

Twc cylinders, extruded from material of heat D3273,
exhibited test results which were nearly identical. The notch ultimale strengths
shown for room temperature and -lOOOF represent variations in Kt’ which would
account for the different wvalues.

Both longitudinal and circumferential type specimens
taken from cylinder 219, heat D3273, had properties which were nearly equal. Yield
strengths, however, were generally higher for circumferential specimens, and the
-h23°F notch ultimate strength for longitudinal specimens at the same K_ was

.t
higher by 13,000 psi.
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2.  Alloy 6A1-4V-ELI

This alloy represents an increase in both tensile and yield
strengths over A110-AT, ELI with no evident difference in ductility over the
entire fange of room to cryogenic temperatures. The notch toughness, however,
measured by notched/unnotched ratios (K% = 6.3) is not quite as high as for the
Al10 alloy, although values are about 1.0 at temperatures down to -320°F. At
-423°F the notchei/unnotched ultimate ratio is 0.9k and, that of notched ultimate/
unnotched yield is 0.97. Note that these are not "sharp notch" values, obtained
by use of a high stress-concentration factor (Ki = 18) which is required as the next
step in evaluating this material. The data are presented in Tables . and 4 and
.Figures 34 through 37, and include both longitudinal and transverse properties
of notched and unnotched specimens. The tensile properties of 6A1-4V, ELI, both
longitudinally and transversely at room temperature (ultimate strehgth 140, 600
and 138,800 psi; yield strength 133,000 and 132,100 psi) and at cryzgenic tem-
peratures (ultimate strength 239,000 and 239,000; yield strength 228,000 and 231,000
psi at ~423°F) are nearly equal.
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Table 4

Tensile Properties of Titanium Alloy 6AL- gV -ELI Forged Plates
at Room Temperature -100° F, -320°F and -423 F

Yield
Ultimate Strength
Heat Temp.  Specimen Strength, (0.2%) Elongation Reduction
No. F Type psi psi inl", ¢ in Area, %
D 3067 RT Unnotched  139,800° 132,500 14.0 40,6
Long. 1&0,500 132,800 140 39.1
141,500 133,700 140 39.2
R-3 type Notched 190,800
Specimens Long 194,200
(X, =6-T) 194,900
Unnotched 138,200 132,100 14,0 43.8
Transv. 138, 800 133,000 15.0 Ly 7
139,400 132,900 15.0 2.6
Notched 188, 300
Transv. 188,800
(Kt=7-8) 189,700
-100 Uunotched 165, 500 160,300 13.0 33,3
Long 165,900 162, ,300 13.0 28.7
172, 400 166,700 13.0 30.5
Notched 225, 200
Long 226, 500
(Kt=5'6) 226, 700
Unnotched 162,500 153,800 13.0 36.1
Tcansv. 162,700 159,700 13.0 54,0
162,900 159,100 L0 35.9
Notched 211,100
Transv. 216,400
(Kt=7) 217,000
-320 Unnotched 219,900 211,500 11.0 3L.9
Long 220,800 zll,hoo 11.0 3L.4
230,300 220, 400 10.0 27.6
Notrhed 270, 300
Long 275,100
(Kt=h-6) 282, 800
Unuotched 215, %00 206, 200 10.0 28.7
Transv, 217, koo 207, 200 1.0 30.7
217,600 208, 000 12.0 31.3
Notched 252, 500
Transv, 261,900
(xt=6-8) 262, 500
-423  Unnotched 230,500 230,000 1l.0 23.0
Long 2l1,000 225,000 12.0 2h.6
247,000 228,000 10.0 24,9
Notched 262,000
Long 263,000
(x%=6) 267, 00
Unnotched 231,000 231,000 6.0 25.7
Transv, 236,000 - 6.0 20.1
251,000 - 6.0 21.0
Notched 220,000
Transv, 222,000
(xt=6-8) 231,000
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Figure 35

Titanium Alloy 6Al-LV-ELI Forged Plate (Heat D306T7),
Transverse Elongation and Area Reduction as a Function of Temperature
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Titanium Alloy 6A1-LV-ELI Forged Plate (Heat D3067),
Longitudinal, Ultimate Tensile, Notched and Yield Strength
as a Function of Temperature

D

REMN —



ELONGATION %

Y. Test Fesults and
UNCLASSIFIED b Rusulbs
[y NERVA ) " : o i
PROGRAM MATERIALS TEST PROGRAM 4. Titanium Alloys
Date: 1 Jan. ik
Page 0T
70 5 ge uT
® e0]
< |
W 5ok
<
Z 40}
Z :
© 30
- :
g 20§
o 2
N
oo 2 i
0 :.::.fffiz':":::?f_:::: : meshi=s _;;:::_%;__--
-500 -300 -100 O 100 20C 500
TeMPERATURE,°F

o' RN PR i
-500 -300 -100 O 100 300 500
TEMPERATURE,°F

Figure 37

Titanium Alloy 6Al-4V-ELI Forged Plate (Heat D300T)
Longitudinal, Elongation and Area Reduction
as a Function of Temperature
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B. STAINLESS STEELS ARD IRON BASE ALIOYS

Chemical composition (as ¢btained by sample aralysis and compared
to the corresponding specification requirements) of all stainless steels and iron
base alloys are shown in Table 5. Average tensile properties of these alloys
are shown in Table 6.
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Table 5

¥ Stainless Steel and Iron Base Alloys

«Q

Chemical Analysis

Material L % R
Desiygation = T e o M S8 S R 0™ ™ Al T ¢ Fe Qeers AL (13 ppm PRz
-32k specificatita Min - i..00 - - ok - - - 6éxC - ml 3.0

Limt Hx. .08 197 0.50 2.00 l.w 0.03 2.0 - - - 0.70 0.50 1 11.%

Sample - 1.5 100 i 8

Analysis 0.085 17.8% 1.80 9.5 0.013 0.015 - - 0.07 0.57 C.37 Bal.
3h7-c Sperificaticn M. - 17.00 - - - - - 104 - - -  Bal. 9.00
Sand Casting | idmtt ¥ax. 0.10 20.06 0.50 2.00 1.50 0.0% 0.0 1i.35 - - 0.50 Bal 12.00

Sample

Apalysic 0.08 19.30 0.28 1.09 1.00 92.018 0.014 1.25 0.21 - 0.75 %.31 Bal. 3.36 315 690 110
AM-350 Specificatian Min. 0.08 5.00 2.50 0.50 - - - ml. 0. 4.00

Limit Max. 0.1° 17.00 3.25 1.25 (.50 0.03 O0.0& aal. o.ﬂE ;.00

fpecimen 0.113R,

Analysis C.B 3573 2.78 0.75 0.32 0.009 0.02 Pal. 5,28 € 290 1150
A-286 cifisation Wn. - 13.50 1.70 L. 0.k0 - - - 1.90 Bl. 0.€01 B 2L,00

Limit Wx. 0.08 16.00 .50 2.00 1.00 0.03 G % .35 2.30 Bal. C.0LB 27.00

Specimen

Anelysis 0.061 14.8° 1.15 1.11 O.77 0.003 0.01 2.2 2.03 Bl 25.65 - 5 T
185 B Spacification Min. 0.0 - 58 - - - - - 0.3 7.0 C&* 17.00

Steel | Lixdt (Tentative) Max. 9.03 5.1 90.10 0.19 €. 0.21 0.10 0.50 8.8 1700

(Preliminary
ata) Specimen

Anelysis

"others Continued: 0.005 wax. L; 0.02 max. Z; 0.05 rex. Ca
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*
Based on strein estisated from crosshead travel of temsile machine.

“mongnuon in 1",
"A" Air melted.
"¥" Vacuum remelt of "A".
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a NERVA Stainless Steel
0 ‘ Q B ainless Steels and
M FrocrAN  MATERIALS TEST PROGRAM Tron Boce Alleys
Date: 1 Jan. 190k
Page TO
Tzble & ge T
Average Tensile Properties of Steinless Steel and Iron Base Alloys
U.tisate Yield
Teap. Strengta Ectch Ultimte h Elongation Reduction Docehed to Unnotched Ratios o ;..
Alloy oF psi Strength, psi  {(0.28)psi in 2 in. $ in Ares, ¥ N-Ult/Un-(Nt N-ULt/Un-1.5. of Tests

Type 321 R 81,250  8,300(K=6.3) 34,350 58.3 65.4 1.0k 2.45 2y, 3%

-423 216,700 106,300 57,000%* 30.3 51.7 0.49 1.87 2@
Type 247-c = 95600 T,300(K=6.3) 39,900 30.9 25.4 0.63 179 hy, 38
Cwt -k23 113,500 102,300 8u, 000" &3 5.1 0.90 1.2z 2@
AM350-SCT RT 200,050 211,300(K,=6.3) 161,100 9.3 33.5 1.5 1.31 2u, W
(850°F) -423 305,700 80,900 295, 000" 1.5 0.9 0.26 0.27 2@
A-266 K 155,650 152,9oo(xt-6.3) 106,150 19.8 33.9 0.9 1. U

-h23 216,600 202,500 11, 0c0™ 2h.5 32.2 0.9 1.43
18% w1 -
Maraging "V-long"” -k23 356,000 322.300(11,'-5-5) 347.50 2.3 - 0.90 0.9 U, 38
Steel "v-transv" 365,000 328, 00C 350,500 2.8"* - 0.90 0.9% 2u, 38
(0.09" sheet)
“A-long" -k23 356,000 323,300(15,;-6—3) 3hk, 000 3-0“ - C.91 0.9% 1o, 3w
“A-transv" 345,000 321,000 339,000 3.5%* - 0.95 0.95 2u, 38
3/8-1n. Dia. bolting| -423 335,000 - - - - - - 3@
peened bolting 380, 000 - - - - - - 3@
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1. Stainless Steel Type 321

The increase in tensile strength of this material ¢from 81,250
at room temperature to 216,700 psi at -423%F (approx. 65%) is much higher
~har the increasc in the 0.2% vield strength (approx. 16%) from 34,350 to 57,000
rsi. The data are shown in Tables 6 and 7 and Figure 38. In spite of these
strength increases, the ductility, i.e., elongation and area reduction, remained
high at -h230F. The notched ultimste strength at -h2§OF vas much higher than the
unnotched yield strength (by a ratio of 2.56) and is indicative of satisfactory
notch toughness, in spite of notched to unnotched ratio of 0.49. At this
temperature, these test results are in agreement with the data reported by NBS
(Referencesl and T).
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Table T
Tensile Properties of 321 Stainless Steel at
Roocm Temperature and -h23°F
Ultimate Yielid
Temp . Specimen Strength  Strength Elongation Reduction  Hardness
pterial _OF Type psi (0.2%)psi in 2", %  in Area, % Rockwell
wpe 321 | RT  Unnntched 78, 700 29,800 59.0 67.0 A-143
nnealed 83,600 38, 900 57.5 63.8 A-L7
RT  Notched 8k, 000
(K= 6.3)  8k4,400
84,600
-423  Unnotched 210,800 58,000 32.5 51.3
222, 600 56, 000* 28.2 52.0
-423  Notched 101, 100
(Kg= 6.3) 111,500

‘Based on strain estimated from crosshead travel of tensile machine.
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Figure 38

Stainless Steel Type 321 Shee‘g Stress-Strain
Diagrams (at -L423 F)
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2. Stainless Steel Type 347-c (Casting)

The room temperature ultimate (85,600 psi) and yield strengths
(39,900 psi) were comparable to those of Type 321 wrought material, which is
generally typical of 300 series stainless steels. However, the increase in
tensile strength at -423°F (113,500 psi) was much less (15%), and the increase in
yield strength was much greater (up to 84,000 psi approx 80%). (See Table 6 and 8
and Figure 39 for these daca.) The ductility of the cast specimens reduced
drastically with decrease in temperature as shown by a drop from 30.9% elongation
at room temperature to 4% at -423°F. This indicates a strong tendency toward
brittle behavior. It should, however, be noted that the notch-ultimste strength
at -423°F was appreciably higher than the unnotched yield strength indicating
that the material may still be useful at cryogenic temperatures.

The microstructure of this material normally consists of dendritic
austenite (face-centered cubic) with discontinuous pools of ferrite (body-centered
cubic) at interdendritic boundaries. The ferrite promotes ductility at room
temperature, but becomes brittle at cryogenic temperatures. Brittle behavior at
cryogenic temperatures is usually observed in the case of body-centered cubic

metals, while face--centered cubic metals are normally ductile.

REGN (B5
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Table 8

Tensile Froperties of 347-C Stainless Steel Sand Casting
at Room Temperature and -4 ,°F

Ultimate Yield
Temp. Specinen Strength  Strength Flongation Reduction Hardness
Material OF Type psi (0.2%)psi in 2", ¢  in Area, % Rockwell
+I¢
Send RT  Unnotched 83, 900 38, 700 28.0 29,2
rast ) 85, 400 37, 900 35.5 2.9
86, 400 L0, 200 32.0 25.6
86,600 42,800 28.0 21.9
RT Notched 66, 000
73,800
T4, 300
-423  Unnotched 111,800 85, 000™ 5.0 b1
83, 000% 3.5 6.1
~-423  Notched 98, 600
(K= 6.3) 105,900

-

Based on strain estimated from crosshead travel of tensile machine.
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3, Stainless Steel - AM350 (SCT)

This material, a martensitic stainless steel, reaches very
high ultimete (306,700 psi) and yield strengths (295,000 psi) at -423°%. However,
the ductilily is greatly reduced and the material becomes so notchesensitive that

it is not suitable for cryogenic applications. The data is presented in Tables
6 and 9 and Figure 40.
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Table 9
Tensile Properties of AM-350 SCT (850) Stainless Steel at Poom
Temperature =423 F
Ultimate Yield
Temp. . Specimen Strength Strength Elongation Reduction  Hardness
Material CF _Type psi (0.24)psi in 2", 4  in Area, % Rockwell

AM350 SCT| RP  Unnotched 199,200 162,100 9.5 35.6 c-U7
(850°F) 200,900 160,100 9.0 31.4 c-45
- RT  Notched 209, 600
: 210, 600
211 900
213, 100
-423  Unnotched 305,900 288,0001 1.0 -0
307,500 302,000 2.0 0.9

-423  Notched ‘ T, 500
(Ke= 6.3) 84,300

*Based on strain estimated from crosshead travel of tensile machine.
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L. Alloy A-286, Age Hardened

This material is ideally suited to cryogenic appliications. It
is ar austenitic type material, precipitaticn hardened to achieve high room-
temperature strength. At -U23°F the vltimate (216,600 psi) and yieid strengths
(141,000 psi) are appreciably increased, above room temperature values (155,650 psi
and 106,150 psi respectively) while ductility remains the same as at rocm
temperature (19.8% to 24.5% elongation and 33.9% to 32.2% area reduction). The
data obtained from these tests is shown in Tables 6 and 10 aud Figure 41l. Note
the extreme notch toughness of the materials at -423°F. The ratio of notched-
ultimate to unnotched yield strength is 1.0, and the ratio of notch-uitimate to
unnotched-ultimate is 0.94. Similar results have seen cbserved by 6ther investi-

gators (Reference 6).
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Table 10
Tensile Properties of A-286 Stainless Steel
at Room Temperature ard -423°F
Ultimate Yield
Temp. Specimen Strengtn Strength Elongation  Reduction Hardness
Material °F Type psi (0.24)psi in 2", % in Area, $ Rockwell
A-286 RT Unnotched 155,300 107,700 20.5 35.5 c-31
156,000 10k,600 19.0 32.2 c-31
RT Notched 150, 600
151,900
154,600
154,600
-423  Unnotched 216,000 143,000* 26.5 28.9
217,200 139, 000* 22.5 35.4
-423  Notched 185, 400
(K=6.3) 219,600

*
Based on strain estimated from crosshead travel of tensile machine
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5. 18% - Nickel-Maraging Steel (250)

This material represents a series of alloys which have only
recently come into general use. Longitudinal and transverse notched and unnotched
flat specimens, one-half size, were tested. Although the elongation at —h230F
is low, ranging from 2.0 to 4.0%, (see Tables 6 and 11, and Figure 42) the yield
and ultimate strengths are very high '(that is in the range of 350,000 to 360,000
psi) and the notch toughness appears acceptable. However, it should be noted that
at -hQBOF the ratio of nctched ultimate fo unnotched yield strength is less than
unity (approximately 0.95). Vacuum-melted material, tested transverse to the
rolling direction, exhibited significantiy higher ultimate and yield strengths
than air-melted material, although these properties in the longitudinal direction

were essentially equal.
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S T R wowyeycon

Ultimate Yield '
Specimen Strength Strength Elongation
Material ries Type psi (0.2%),psi in 1 in. %
Sheet A Unnotched (long) 350, 000 345, 000 2.0 l
(.09 in.) ~ 362, 000 350, 000 2.5
R-3 Size Notcbed (long 312,000 l
Specimens (Kt = 6.3) 325, 000
330, 000 .
"y Unnotched (Transv.) 362,000 347, 000 3.0 .
368, 000 354, 000 2.5 I
Notched {Transv. ) 307,000
(K,c = 6.3) 328,000
349, 000 '
A" Unnotched (long) 329, 000 3.0
356,000 34k, 000 3.0 |
Notched (long) 294, 00
(x, = 6.3) 329, 000 ‘
37,000
"A" Unnotched (Transv.) 330,000 323,000 4.0 I
360, 000 355, 000 3.0
Notched (Transv. 303, 000
(k, = 6.3) 323,000 l
337,000
Bolts Unpeened 302,000 l
330, 000
373,000 I
Peened 337,000
39k, 000
409, 000 l
NCLASSIFIED mwwm ]




€00

560
520
480
440
400
360
320
280

240

STRESS, I0CO PSI

200
160
120

80

SLASSIFIED

UNCLASSIFIED

V. Test Results and
Discussion

MATERIALS TEST PROGRAM

Stainless Steels and

B. Iron Base Alloys

Daote: 1 J:n. 1964

Page 85

jS5¢
Cheted
:
i
14

—
o .-
01‘;" 3“"

muuse

004 008  .0I2 016
STRAIN, INCHES PER INCH

Figure 42

Maraging Sveel 18% Nickel (2503,
Stress-Strain Diagram (=t =423 F)

[ 13
uuaaum:i; saett




V. Test Results and

UNCLASSIF' ED Discussion

@:‘jgg\g’; am___ MATERIALS TEST PROGRAM | c. Nickel-Base Alloys

Date: 1 Jan. 1964

Page 86

C. NICKEL~BASE ALLOYS

Nickel-base alloys, although normally used for high temperature
applications, are, as a class, also well-suited for cryogenic use. They have
good notch toughness and retain their room temperature ductility, while increasing
in both tensile and yield sirengths. All three of the alloys reported here follow
this pattern.

The chemical. composition of these alloys ob.iained by sample
analysis as compared with the specification requirements are shown in Table 12.

Average tensile properties are shown in Table 13.
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Table 12
Chemical Analysis of the Nickel Base Alloys
Material H2 02 N2
Designation N [ cr Fe S Si Cu M Mo Co P T Al Others pPm ppm ppm
Hastelloy C | Specification Min. Bal. - 14,50 4.00 - - - 15.00 - - 3.00 W
v.08 16.50 T7.00 0.03 1.00 1.00 17.00 2,00 ©.0k L.5C W
C.35V
Specimea Bl. 0.05 15.75 5.46 0.012 0.63 0.55 15.78 1.k L4, S0E
Analysis 0.008 V.26V 3 280 120
Inconel X- |Specification Min., 70.00 - 14.00 5.00 - - - - - - 2.25 0.40 0.70 M
750 Limit Max. - 0.08 17.00 9.00 0.01 0.50 0.50 1.00 1.00 - 2,75 1.00 1.20 Nb
Specimen T3.84 0,04 14.98 6.64 0.007 0.3% 0.05 0.5, - 1.00 - 2.4 1 0.82 N+ 83 1 3
Analysis 1.1
Inconel Specification Min. Bal. 0.08 12.00 - - - - - 3.80 - 0.005 B
Ti3-c Limit 0.50 5.50 1.80 Nb+im
Max. 0.20 1409 2.50 0.015 0.50 0.50 0.25 5.20 1.0 0.05 Zr
0.015 B
1.00 6.50 2,80 Nb+Ta
0.15 Zr
Specimen 2.31 Nb+Te
Analysis Bl. 0.13 12.86 0.85 0.007 0.16 0.03 0.02 451 0.73 0.73 6.22 0.140 Zr
: 0.010 B

NCLASSIFIED

AlRQIT.
VINTRAL




UNCLASSIFIED V. Test Results and

Discussion

NERVA -
MATERIALS TEST PROGRAM C. Nickel-Base Alloys
PROGR. "u. * .
Date: 1 Jan. 1964
Page 88
Table 13
Average Tensile Properties of Nickel Base Alloys
Ultimte Yield
Temp. Stremgth Notch Ultimate Str Elongation Beduction Notched to Unnotched Rablos g, pe;
Ailoy °F psi Strength, psi (0. ggu in 2 in, % in Arvea, $ F-ULt/Un-Ult N-ULt/Un-Y.S. of Tests
Hestelloy ¢ |RT 118, 900 99,7oo(xt~6.3) 59,250 46.3 57.0 .84 1.68 2y, uN
-423 172,150 155,550 110, 000* 28.8 35.7 .90 1. 2@
Inconel X-750 |RT 17,400  163,300(K =613) 109,600 26.5 k2.5 .9 1.4%9 2@
<423 217,300 189,300 134, ono* 24.8 32,2 .87 1. 2y, 1N
.Inconel T13-¢ |RT 104,800 116,800 , 99,850 2.0 5.6 1.11 1.17 2u, ux
(inv:s)tt 423 111,750 127,700 108, 000" 1.3 .9 1.1h 1.18 2y, U
CAS

*
Besed on strain estimated from crosshead travel of tensile machine.

v
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1. Hastelloy C

The annealed condition of this alloy, normal‘y supplied, is
suitable for cryogenic applications. The tensile (118,900 psi) and yield
strengths(59,250 psi) at room temperatures arein good agreement with the vendor's
data (Reference 11) and are considerably increased at liquid hydrogen temperature,

with a higher percentage increase in yield strength than in ultimate strength.

This material recains comparatively high ductility (28.8%
elongation and 35.7% area reduction) at -h25OF despite the high percentage

decrease shown .in these properties.

With a stress concentration factor of Kt : 6.% an actual increase
in the notched-unnotched ratio (0.90) was obtained at liquid hydrogen temperature
compared with this ratio (0.84) at room temperature. The tensile properties for

this alloy are shown in Tables 13 and 14 and Figure u3.
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Table 14

Tensile Properties of Hastelloy £ at Room Temperature and -423°F

Ultimte Yield
Temp. Specimen Strength Strength FElongation Reduction Hardness
Material Op Type psi (0.24),psi in 2 in. % in Area % Rockw:il Ref.
Hastelloy C, | RT Unnotched 118,200 58, 700 47.0 72.8 A-60%* 1
mill 119,600 59,800 45.5 h1.1 A-60
annealed

Notched 9k, 600
(Kt= 6' 5 ) g{’ hw

971,500
109, 500

-423 Unnotched 167,100 112,000, 28.5 35.8
177,200 108,000 29.0 35.5

Notched 151, 900
(k.= 6.3) 159,200

*

Based on strain estimated from crosshead travel of tensile machine.
-

Equivalent to C-20.
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2. Inconel X-750

. This is a prec.ipitation hardened alloy with high tensile
properties at room temperature (171,400 psi tensile, 109,600 psi yield and
26.5% elongation). The percentages of increase in tensile and yield strengths and
decrease in ductility from room to liguid hydrogen temperatures are less than those
for Hastelloy C. The ratio of notched ultimate to unnotched yield strength
remains above unity.

15 and in Figure Lk.

The data for thiz material are presented in Tables 13 and

| R
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Table 15
Tensile Properties of Inconel X6750 at
Room Temperature - -4 -L23°F
Ultimate Yield
Tgmp. Specimen Strength  Strength Elongation Reduction  Hardness
Material F Type psi (0.29)psi in 2", 4 in Area, % Rockwell
conel X-T750 170, 700 109,700 27.0 hi.2 c-36 1
50°F, 20 hr., 172,100 109,500 26.0 43.8 c-3k

Notched 159, 600
(K£= 6.3) 160,000

160,600
175,500

-423 Unnotched 214,900 132,0001 23.5 32,4
219,700 136, 000 26.0 31.9

Notched 189, 300
(Kt= 6'3 )

Based on strain estimated from crosshead travel of tensile machine.
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3. Inconel Tl3-c¢

A very small increase in tensile and yield strength of this
alloy are observed at liquid hydrogen temperature compared to the corresponding
room temperature properties (from 104.800 to 111,750 foir tne tensile strength
and from 99,850 tc 108,000 psi for yield strength). Note that this alley ic

notch-tough even though the ductility at -h250

F is quite low (1.3% elongaticn).

This was also noted in the case of cast 347-C¢ stainless steel, and is evidently

a characteristic of cast face-centered-cubic metals. At -hQBOF, Inconel T7135-c

shows a higher yield strength and notched tensile strength than cast 347, and

has about the seme ultimate :trength and ductility. Inconel Tl3-c is also noticably
stronger at room temperature than cast 347 but much more brittle as shown by

lover elongation and area reduction. The test results are shown in Tables 13

and 16 and Figure U5.
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Table 16

Tensile Properties of Inconel 713-C (Investment Casting)
at Room lemperature and -1+23 F

Ultimate Yield
Temp. Specimen Strength  Strength Elongation Peduction  Hardness

Material _OF Type psi (0.2¢)pss. _in 2", 4  in Area, % Rockwell
Inconel T13 104.2 98, 600 2.0 6.8 C-36 1
(investmert 105. 4 101,100 2.0 L.3 Cc-36.5
cast )

Notched 112, 000
(k.= 6.3) 115,700

118, 000
121, 500

-423  Unnotched 107.7 10k, 000" 1.5 7.1 1
115.8 113, 000% 1.0 2.7

Notched  11k,700
(k.= 6.3) 129,300

»*
Based on strain estimated from crosshead travel of tensile machine.
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D. ALUMINUM ALLOYS

Table 17 lists the chemical composition of all aluminum alloys as
cbtained by sample analysis and compared to the corresponding specification

requirements.
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Table 17
Chemical Analysis of Aluminum Alloys
H, 0o, N,
Alloy Designation _Cu si Fe Mg Mu  Cr 7o _Ti Others® ppm ppm ppm
A 356-T6 Specification Min., - 6.50 - 0.20 - - - - -
Iimit Max. 0.20 7.50 0.20 0.%0 0.10 - 0.10 0.20 0.15
Sample Analysis c.02 7.3h 0.15 0.30 Nil - Nil 0.1k - - -
2219-181 Specification Min. 5.80 - - - 0.20 - - 0.02 -
Limit Max. 6.80 0.20 0.30 0.02 0.4k0 - 0.10 0.10 0.15
Sarple Analysis 5.5 0.08 0.20 Nil 0.25 - - - 0.09V L 1 17
5456-0 Specification Min. - - 4,70 0.50 0.05 - - -
Limit Mex. 0.10 0.50 (Si+Fe) 5.50 1.00 0.20 0.25 0.20 0.15
Sample Analysis 0.08 0.06 0.20 5.29 0.70 0.11 0.04 .085 - 77 1 16
6061-T6 Specification Min. 0.15 0.4o - 0.80 - 0.1 - - -
Limit Max. 0.40 0.80 0.70 1.20 0.15 0.35 0.25 0.15 0.15
Sheet |Sample Analysis 0.24 0.5k 0.50 0.90 0.03 ©.20 0.05 0.088 30 1 T
Forging |Sample Analysis 0.34 0.61. 0.28 0.85 0.05 0.16 0.12 0.05 0.02Ni
7079-16 Specification Min. 0.%0 - - 2,90 0.10 0.10 3.80 - -
Limit Max. 0.80 0.30 0.40 3.70 0.3¢ 0.25 4.80 0.10 0.15
Sample Analysis Not Available

Range shown refers to 0.05 max. for each other element
and a total of 0.15% max.
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1. Alloy A356-T6

The data presented are for castings made for the radiation
effects test program. Properties of the nozzle castings are reported in a

separate topical report (Reference 9).

The room temperature tensile properties (30,600 psi
ultimate; 23,800 psi yield strength and 3.2% elongation) obtained for this
alloy are below the typical properties reported by the vendor (39,700 psi
ultimate 27,300 psi yield strength, and 5.5% elongation for foil~-thickness
raterial) indicating commercial quality casting. Figure 46 shows typical

- photomicrographs of this casting at 100X and 1000X magnifications. The
coarse grain size and needle like silicide particles irregularly distributed
together with pronounced inclusion content are co.* butors to the low

tensile properties.

The -423°F tensile properties reported (Table 18 and 19
and Figure 47) fall within the region of values which can be extrapolated
from data published by NBS, Reference 1. An increase of more than 20% on
the tensile strength and 26% on the yileld strength from the respective
room temperature data was obtained for this alloy at liquid hydrogen temperature.
This increase in strength is coupled with a reduction from 3.2% to 2%
elongation. The notched-unnotched ratio of ultimate strength is approximately
0.76 indicating that the material is approaching brittle behavior.

11
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Material Aluminum A356 T6 Lot Number 676604
Form 1/4" Cast Plate Vendor Code
SpecificationQQA 601 AGC Code AR
Condition __ Heat treated to T6 Vendor Aluminum Company of Ametica
MICROSTRUCTURE (As recejved)

MAG: 100X
ETCHANT: Keller's

Area: General structure

Microstructure shows solid
solution aluminum matrix
withAi-Si eutectic, note
coring. Black areas are
porosity.

MAG: 100Q X
ETCHANT: Keller's

AREA:  General structure

Microstructure shows solid
solution aluminum matrix
with A1-Si eutectic phase.

Figure 46
Aluminum Alloy A-356-T€. Microstructure

TOMREETY S 00

NCLASSIFIED



UNCLASSIFIED V. Test Results and
Discussion
PP MATERIALS TEST PROGRAM D. Alumimum Alloys
PROGRAM
Date: 1 Jan. 19611-
Page 102
Table 18 £
Average Tensile Proverties of Aluminum Alloys %
Ultimate Yield é
'1‘6-;;. Strength, Notch Ultimate Stre Elongation Reduction Not.:hed to Unnotched Ratios  Number 'g'
Alloy F psi Strengtn, pst _ (0. {1 in21in., % in Aree, $ N-Ult/Un-Ult N-Ult/Un-Y.S. of Tects o
e
A-356-T6 Cast RT 30,600 29,2001 Ky=6. 3 23,820 3.. 2.4 0.95 1.23 L 8.
15.i25" Speclmen) -5 18,150 34, 350{ Ky =6. 53 -.a‘:mo 2.0 3.8 0.76 o.87 z ,,:
2219-161 RT 64,100 61,000(K¢=6.3) 49,800 8.5 20.5 0.95 1.27 1U, LN y{’»fi
0.125" Specimen) -k23 94,600 70,100(K;=6.3 70, 000" 13.0 25.6 0. 74 1.00 2 §;
456-0 RT 50,900 48,190(K,=6.3) 26,500 16.8 2€.1 0.9% 1.8 2U, <K %
10.125" Specixen -kz3 85,100 ik, 500 , 500% 24.8 25.4 0.52 1.46 2 S
6061-T€, Flute RT ik%,950 bk, 000(Ky=6.3) k1,900 1.5 33.7 0.98 1.05 2U, N é
10.125" Specimen) {-&3 T1,950 61,000 . 52,500% 23.8 33.7 0.86 1.16 2 £
_~ forged ring R 44,800  63,000(K¢=8.0) 50,600 5.0 50.7 1.40 1.55 4 &f
(R-3 Specimen) -100 50,125 67,200 43,800 19.0 50.3 1.32 1.53 N g
-320 63,k00 78,790 46, 400 24,0 37.1 1.24 1.70 i »
-k23 66,400 81,200 52,900 23.1 35.3 l.22 1.53 L 13
7073-T6 forged 1ing | RT 74,300 - €5, 000 6.3 20.5 .- _— 2
velded & re-hest -100 Th,l50 -- 66,100 .5 17.5 - - N .
treated{0.375" dia. | -300 78,370 .- 73,400 1.1 4.8 .- - 4 3
spec. )
1/"" base metal -100 80,600 82,600(k.=6 ) 69,300 9.5 -- 1,02 1.19 1
plate -300 99,300 82,400 T7,200 6.0 . 0.91 1.07 2
-423 97,750 79,195 -- 2.0 -- 0.81 - 1y, 2§
1/4" plate ve:ded |RT €8, 060 67,900(K¢=6 ) 39,775 3.9 - 0.99 1.13 8y, 5N
& re-heat treated |-100 72,500 67,940 63,850 b0 - 0.9% 1.06 av, T
-300 76,000 64,740 69,150 2.2 -- 0.35 0.94 30, TN
-423  78,L60C 59, 30C - 2.7 .- 0.76 - U, 9N
Rejec:able quality
veldr. %S
0.1B75" sheet, RT 43,60 48, 000(K¢=6 ) 38, 700 1.5 - 0.98 .2k 1
as welded -107 41,300 43,700 k1, 30C 2.0 -- 1.06 ... 06 1
-300 49,100 Lk, 700 48,20¢ 3.0 - 0.91 0.93 1
-423  52,k00 34,500 -- 2.0 -- 0.70 .- 1, 2§
0.1875" sneet, RT 48, 400 53,000{K¢=6 } 45,800 1.0 - 1.09 1.15 1
velded & aged -100 62,800 67,800 51,200 5.0 - 0.62 0.76 1
-300 67,300 41,500 sk, 700 2.0 - 0.62 0.7€ 1
-3 - 34,625 -- - - - - 1

.
Beied on struin estimai.d “ron head-travel of tensile machine,
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Table 19

Tensile Properties of Cast Aluminum Alloy A-356-T6
at Room Temperatures and -42%°F

Ultimate Yield
Temp. Specimen  Strength Strength Elongation Reduction

Cp Type psi (0.2%),psi in 2 in. % in Area %

RT Unnotched 28,300 25, 300 k.5 2.4
29, 500 20, L0oO 3.0 3.4
31,300 - 2.5 1.2
33,100 25,600 3.0 2.6

Notched 28,600 - - -
(Kt=6. 3) 28,700 - - -

29,700 - - -
29, 760 - - -
-423  Unnotched k7,900 L3, ooo 2.5 2.22
48,300 41, 000* 1.5 1.3

-423 Notched 36, 700 - - -
(Kt=6 . 5 ) 36, OOO - - -

¥*
Based on strain estimated from crosshead travel of tensile machine.
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2. Alloy 2219-T81

The tensile properties, at both room temperature (64,100
psi ultimate; 49,800 yield; 8.5 % elongation) and -423°F (94,500 psi ultimate
70,000 psi yield and 13% elongation), Tables 18 and 20 and Figure 48, coincide
with information published by other investigators (Reference 3). This
material, although developed for elevated temperature applications, has a
combination of high strength and ductility at -hQBOF, which make it a useful
candidate for cryogenic applications. The data show an increase in ductility
as compared with room temperature data. Other investigators have also
reported this trend (see References 2 and 4). The notched-unnotched ratio
at -h230F is 0.T4, although the notched ultimate strength is still above
the unnotched yield strength. ALCOA is currently recommending the use of
this material, as well as the 5000-series of aluminum alloys as substitutes

or replacements for alloy 6061 in certain cryogenic applications.
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Table 20
Tensile Properties of Aluminum Alloy 3219—T81
at Room Temperature and at -423 F
Ultimate Yield
Temp. Specimen  Strength Strength Elongation Reduction
OF Type psi (0.2%),psi in 2 in. % in Area, %
2219-181| RT Unnotche@ 64,100 49,800 8.5 20.5
RT Notched 57,100 - - -
. ( . ) 27,900 = - -
K,=6.3) 59,500 - - -
g t ’
: 69}300 - - -
-423  Unnotchea 94,200 70, 000" 12.0 25.1
95, 000 70, 000* 1k4.0 26.2
=42z Notched 70, 500 - - -
(k,=6.3) 69,700 - - -
*
. Based on strain estimated from crosshead travel of tensile wmachine.
REQMN
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3. Alloy SW56-0

This alloy is non heat-treatable, and was tested in the an-
Tensile properties (50,900 and 85,1C0 psi uitimate strength
6,500 and 30,500 psi yield; 16.8% and 24.8% elongation at room termperature and
423°F respectively, shown in Tables 18 and 21 and Figure 49) arc in good agree-

ent with graphic data from Battelle Memorial Institute (Reference 3) showing
ood reproducibility.

iealed condition.

The notched tensile strength was lower by 15,000 psi than
hat reported by Battelle (U4k,500 compared with 60,000 psi), although the stress
%pcentration factor used was 6.3, while that used by Battelle was 13.5 - 15.
ais variation is probably due to the fact that Battelle used 0.505" round

recimens, while Aercjet tested 0.125" flat specimens. However, the notch ulti-

ite strength obtained from these tests is much higher than the unnotched yield

srength, indicating satisfactory notch toughness. Note the slight (10%) increase

1 yield strength and substantial increase (47%) in elongation at -423° as compared
» room temperature data.

Consequently, this alloy is useful for cryogenic
splications.
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Table 21

Tensile Properties of Aluminum AlloyOSLsé-o‘at
Room Temperatures and =423 F

Ultimate Yield
Tenp. Specimen Strength  Strength Elongation  Reduction

oF Type psi psi in 2 in. % - of Area, %
5456-0 RT  Unnotched 50,200 25,900, 16.0 26.2
51,600 27,100 17.5 26.0
RT Notched 47,200 - - -
(Kt=6 .3) L8, 200 - - -
48, 500 - - -
48, 500 - - -
-423  Uunotched 84,600 29,500 26.0 28.0
35,600  31,500% 25.5 22.9
Notched L4, 300 - - -
(k5=6.3) 44, 300 - - -

-4

*
Based on strain estimated from head travel of tensile machine
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L. Alloy 6061-T6

The unnotched tensile and yield strength of bcth plate and
forged materials: (44,950 and 44,800 psi RT ultimate; 71,950 and GO, 40O psi
-423%F yltimate; 41,900 and 40,600 psi RT yield; 52,500 and 52,900 psi -42%0F
yield) Tables 18, 22, and 23 and Figures 50, 51, 52_and 55 were in close agree-
ment with each other at both room and cryogenic temperatures and closely
correspond to the data reported by NBS (Reference 1). The yield and tensile
strengths increase approximately 15% and 50%, respective.y, when going from
room temperature to -423°F. The reduction in area (33.7%) and elongation (11.5%)
of the sheet material were appreciably lower than those of forged material
(50.7% and 19% respectively) at room temperature. The notch tensile strength
at -U4230F was appreciably higher for the forged material, but this may have
resulted, in part, from differences in the specimen size and configuration.
Standard size flat specimen were used for the 1/4-inch plate and R-% (subsize)
type specimens for the forgings. As in the case of the previoue aluminum alloys,
high ductility and notch toughness make this alloy suitable for use under cryo-

genic conditions.

R E N AEROJET
INCI AQSIFIFD ..._......@ sasen (m



6061-T6

UNCLASSIFIED

V. Test Results and
Discussion

MATERIALS TEST PROGRAM

D. Aluminum Alloys

Date: 1 Jan. 1964
Page 112
. Table 22
Tensile Properties of Aluminum Alloy 6861-T6 Plate
at Room Temperature and -423°F
Ultimate Yield
Tenp. Specimen Strength  Strength Elongation Reduction
OF Type psi (0.2%),psi in 2 in. % in Area, %
RT  Unnotched  Lk,800 12, ooo: 11.0 34.8
Unnotched 45,100 41,800 12.0 32.4
RT Notchad 42,300 - - -
4k, 100 - -- -
Lk, 600 - - -
)-l-ll-,BOO - - -
-423  Unnotched 72,300  53,000% 25.0 33.1
Unnotched 71,600 52,000 22.5 3h.2
Notched 62, 000 - - -
Notched 60, 000 - - -

*
Based on strain estimated from head travel of tensile
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Table 23

Tensile Properties of aluminum Allcy 6061-Tg Forging
at Temperatures from =423 F to + 4OO°F

Ultimate Yield
Tenp. Specimen Strength Strength Elongation Reduction
op Type psi (0.2%),psi in 1 in. % in Area, %
RT Unnotched k1, koo 38, 400 19.0 6k, b
13,700 39, 500 19.0 55.8
45,400 b1,100 - 34,9
48,700 43, koo - %7.5
Notched 62,500
(K= 7to8) 63,100
€3,600
64, 000
-100 Unnotched 46,900 Ll koo 17.0 62.3
48, koo 43,500 18.0 54.9
51,700 43,000 18.0 38.0
53,500 Lk, 300 21.0 45.8
Notched 65,400
(K, =7 to8) 6590
67,300
70,100
-320 Unnotched 61,800 L6, 500 - 38.1
62,800 Lk, 200 - 34.3
6k, 300 Ls, 900 2k.0 38.2
64,700 k9, 100 24,0 37.6
Notched 77,800
(K= 6 to 8) 178,000
78,800
80, 000
=423  Unnotched 63,800 - 23.0 37.1
65,600 51,100 23.0 32.8
68,100 5k, 300 - 37.8
68,200 53, 400 - 33.6
Notched 76,700
(K't= 7) )
83,600
87,200
4200 Unnotched k5,900 40,800 19.0 Ly, 7
46, 400 k1,100 18.0 50.7
46,500 L1, 000 19.0 50.9
47,200 L1, 700 - hhy, 7
+400  Unno*ched 38,200 35,000 21.0 52.5
38,300 33,900 - 49.3
38, k0o 34,800 24,0 68.6
38,500 32,500 16.0 50.9

Saiadd aa

NCLASSIFIED



UNCLASSIFIED | V. Test Results and
- Discussion
= “'I..FVAI . .
_l',_,_Ro CnANF  MATERIALS TEST PROGRAM b Aluminm Alloys
Date: 1 Jan. 196k
| Page 11k
("-, L 5.:' 1
- o F_’ . LR
o 40 E” L :
o dE T i
& 5 %
? £ H

~ STRAIN, INCHES PER INCH
(ESTIMATED)
Figure 50

Aluminum Alloy 6061-T6 Sheet Material, Stress Strain
Diagram (at =423 F)

REON =D



1 Jan. 1964
Page 115

Mest Results and
Discussion

Alunirum Alloys

.
-

D.

V.
[Tty

A by oo
- '

Date

f

e

B
t

3o 4‘ +
it Soutd be

i3
possa

T b 1
1 TTHR S 0G

UNCLASSIFIED

MATERIALS TEST PROGRAM

75 =

1ISd 000! ‘SS3¥LS .

NERVA
PROGRAM

0

rt H

AEROJET

RE{MN

008

.

0
TRAIN, INCHES PER INCH

0

004

Figure 51
(at -423°F)

4
6061-T6 Forging, Stress Strain Diagram

-~

0
Q

A 4

o

111111

Aluminum Allcy



UNCLASSIFIED V. Test Results and

Discussion

MATERIALS TEST PROGRAM D.  Aluminum Alloy:

Date: 1 Jan. 196k

“NITERVA
—-j;‘ti‘o G RAM —

Page 116

.
o
N
E
il
.
7 e O REAU i D L s R s I e

150 T : N
1
I + ¥ ¥
= I
. + Ll T
.
= >
¥ ‘!-3.0 pgbTn
1
.30 + 3. V:l! Suength n
e 29
’ 4
T 1 3 fan
TE N - d
= i 31111 ) 52 3
3 3 ry 3.1 I Ny 1
E 2 iii.r I B 1
| 1 wddodbedd il
; ; TR o
[ | + o i 3 tHt
H Sl L T e T T
-I i ot antd
'l— 1R i I RN | 3 +ii
B i 1 T it 1
B T + -+ 1
& T ¥
rEg
110 i 3
T
) ) §
it 3
1 } -]
3 ) 4
100 i :
: *
T
I I R4
rs T
ot e ——
T T s r T
-— | 4 IR ad Ex1 T ==
| ¢ L re Rl I &S]
qQ 1 St .
- 3 FER I - i
o ; T & T
< rasga 51 -
+ : 13 e TErYae] it
3 X ra s s
, 113 iy
~ o 1 s I ) EY E
o 3 153 91 T
i et 0
i . > T
0: 80 Lk I !
5 - 20 52
Hh it i ,]_,“ ¥ 32 SaBN BN Y 1 > Sy SERS 284
H 5. S ST T
- .o ?{ XYY ,Lf’ . e SREDA I PR3 -': 12
ssrsse b I H PP ENH HH R e e s P B e e L L TS z
bo= TX3 Fuse3) T T =
1IH by T
- 3 s .3
'r s I
1 ¥ T * . +
m o JJL jazas ey . * Sesens]
a’ it T z 39 FEA PRI RAN |
i ~¥RS ++HHRS T 1 » e g st il
» ¥ 2, M H T Ti. o Kk.-to-, Taat
3igs 5T N 1 H it :
U 133331 a py pdion 15381 1 . . jiiiss
i : ] ! et
o = 1 : i [t e i
b8 $1 T 1 by a2 3 33 550004 e
!— 43 83 t L T r e >
3 . + T -
m - > L I P 1t y
: ¥ T * it * e
HH H DOV
a Lane +
00 " T
28 T soai 1 1 t
11 :
- il i +
1 1 = -
103 1} -+
+ 1 HH
¥ 191 1
) 4 L B4 YL
1] 1 SR
s 1 13 3
.8 100 fos 51 I t 1 H
3 % 5
30 kit s
esrtisng pegniss
T
+ +
Y
+ -+ 4
20 ErpiHh:
+} (1]
L
T
ot
-
’O Shsvasers SnTeins:
(S arpagal 4
pAROPRNS 4540 a4
Poisceesorfey ) § 1
el t 1
o | bowngobury puEtp
Il MIERB A 1

=500 -300 -I00 0 100 300 500
TEMPERATURE,*F

Figure 52

Aluminum Alloy 6061-T6 Forging, Tensile Ultimate, Yield
and Notched Strength as a Function of Temperature
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2. Alloy TOT9-T6

This alloy has seen rather limited use because satisfartory
arc welding is difficult. However, its high strength {Tk,300 psi at room
temperature) warrants attention, and o number of fabricators are experimenting
with it. Tensile specimens conforming to Figures 3 and 4 were tested for
the sheet and plate material. R-; type specimens were tested for the round
bars. In addition to the base material, specimens as-welded, welded and
heat treated. and aged after welding were tested. The data from tuese tests
are presented in Tables 18, 24 and 25 and in Figures 54 through 63. The
tensilc proverties for base metal (97,750 psi at «h250F) were lower than
those reported by Lewis Research Center for 1/8" sheet, (115,000 psi; Reference L)
and by General Dynamics for 0.080" sheet (112,000 psi), and slightly higher
than for 5.0" billet material (94,400 psi; Reference 5). These comparisons
indicate that the samples tested had average strength characteristics. The
data for the as-welded sheet material (labelled rejectable quality weld)are
included for information only. Plate material which wes fully heat-treated
after welding (solution heat treat, 830°F, 30 min, water quench, +5 days
at RT, + 250-250°F, 48 hours) had, as expected, much higher strength and
elongation at all temperatures than as-welded material, and between 80 and
92% of the values for parent metal. Welded and heat-treated specimens from
forged material exhibite: higher strength at all temperatures than did welded

plate materials.

The base metal did not appear notch sensitive at temperatures
to -BOOOF, but the welded specimens indicated notch sensitivity below -100°F.
The very low ductility of tiis alloy and the indications of notch sensitivity

are significant disadvantages for cryogenic applications.
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rtica of Aluminum Alloy TO79-T6 Plate.
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and Room Temperatiires

Yield
Temp. Ultimté  Strength  Elongation
oF Type psi psi in 2 in. %

Aluminum Alloys

Date: 1 Jan. 1964
Page 119
Base Material and
, -100°F

Bese Metal -100 U 80,630 69,500 3.5
n(xt=6 ) 82,600 -

=300 U 89, 700 71,100 6.0
U 90,600 77,300 6.0

N6} 78,500
N 86, 400

-3 v 91,750
N(K=5.5) 79,40
5 76, 950

\n
o

Welded and RT U 63,100 58, 000
heat troated 65, 700 58, 500
67, 400 58,100
67,600 57,600
68,000 59,100
68, 300 58,1 00
T2, 70O 64, koo
72,700 6k, 500

O\?«I $\N J-"\_N\:N\)‘
ONWVW=0O O OW

n(xt=6. 35 63,600 -
65,800 -
66: 700 =
66,800 -
76,600 -

-100 W 75,300 68,800
69, 700 58, 900

wn(xt=6 ) 69,300
68,100
70, 400
17,000
69, 700
71,600
%9, 400

N
D
o

ne®
wo

30 W 80,300 68,800
75,600
72,300 69, 500
un(xt=6 ) k7,600
72,700
72,600
74,300
58, 600
65,700
81, 700

0 b
owvo

AN =W
ow o

-423 W 80, 400
80, 500
T4, 500

vm(xt=s.s) 60,170
62,390
72, 460
66, 490
L, 9o
68,320
56, 200
42,330
69,710

NP &

U = unnotched

N = noiched

WU = welded unnotched
WN = Welded notched
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Table 25
Tensile Properties of Weldments of 7079-T{6) Alumlnum Alloy, ag Welded and
Weld-d-Aged Conditions at -100 F, -300 °F and -423~F
Yield
Tenp. timate Strength Elongation Elongation
Type ~ pei psi In2in. % in 1l in. %
As RT WU 39, 000 38, 700 1.5 -
welded
WN 8,000 - - -
(,=6)
-1000 © WU 41,300 k1,300 2.0 7.0
WN 43,700
(K =6)
-300 WU 49,100 48,200 3.0 L.)
WN 4l 700
(k,=6)
) WU 52, ko~ 2.0
WN 32,150
(k=6
WN Lo,880
(,=6)
Aged RT wu 48, Loo 45,800 1.0 -
(only)
after WN 53, 000 - - -
welding (K =6)
-100 WU 62,800 51,200 5.0 10.0
WN 67,800
- (ky=6)
-300 WU 67,300 54, 700 3.0 5.0
W 41,500
(k. =6)
-k23  wN . 32,830
(K =6)
(Kt=6) 36, 420
ARROJETY
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Aluminum Alloy TO79-T6 Sheet as Welded,
Tensile Ultimate, Yield and Notched Strength as a Function of Temperature
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Aluminum Alloy TOT9-T6 Sheet as Welded,
Elongation as a Function of Temperature
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Aluminum Alloy T7079-T6 Sheet Plate, Welded and Aged Condition,
Ultimate, Notched and Yield Strength as a Function of Temperature
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E. TEFLON~BASE MATERIALS

The tensile strength of the Teflon (TFE) at -423°F is much lower
than that of similar material tested by REON for evaluation of radiation
effects, as reported in Reference 8; which had an average ultimate strength
of 19,978 psi. However, the low values reported herein coincide with information
published by NBS, Reference 1, for TFE having T2% crystallinity. The high
values noted above would coincide with 52% crystallinity. Thus, the cryogenic

tensile properties depend on the crystallinity of the material.

The cryogenic properties of Armalon are equivalent to those
reported in Reference 8, while properties of Rulon-A are slightly higher.
Room temperature uvltimate strengths of both Armalon and Rulon-A coincide with
values published by the manfacturers. The data are presented in Tables

26 and 27 and Figures 6L, 65, ani 66.
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Table 26

Ultimate
Tensile Strength Elongation

Material Temp. psi (0.2%) psi in 2 in. %
Teflon RT 433 7350 6.35

-4230F
Armalon RT 8940 - -

-423°F 24200 - 12.05
Rulon A RT 2480 - -

-423%F 9466 3800 6.6

Table 27

Tensile Properties of Teflon-Base Material at Room Temperature and -h23°F

Material

Ultimate
Strength
psi

Yield
Strength
(0.2%),psi

Elongation*
in 2 in.,%(a.pprox. )

Teflon

50 600 -
8,200
8,500

W
1 oW

Armelon

6,300 -
6) 300 | -
8, 600 -
10, 900 -
12,600 .

23,100
25,300

13.
10.

i ON

Rulon A

1, 900
2, koo
2,700
2, 700
2, 700

6,100
10,800
11,500

3,800

AAO\NON
\O

*
Based on total crosshead movement divided by 2.00 in. gage length.
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